Introduction
Lignin, one of the three major cell wall components, provides the mechanical support allowing plants to stand upright. Lignin is a polymeric material composed of three phenylpropanoid units, p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units, which are derived from three traditional monolignols, p-coumaryl, coniferyl and sinapyl alcohol, respectively. Softwoods contain lignins that are primarily composed of G-units accompanied by a smaller proportion of H-units. Hardwood lignins additionally contain S-units. The proportion of H/G/S units is variable and closely related to the lignin content of the wood, the composition of the different lignin interunit linkages, and the stereochemical structures of β-O-4 structures (Akiyama et al. 2005; Yeh et al. 2006; Nawawi et al. 2016 Nawawi et al. , 2017a . Although significant investigation into the effect of the S/G ratio on the interunit linkage compositions of lignins has been carried out Ralph et al. 2006; Stewart et al. 2009; Kishimoto et al. 2010; Hirayama et al. 2019 ), the influence of the H/G ratio on the chemical structures in lignin remains unclear (Saito and Fukushima 2005; Ralph et al. 2006; Wagner et al. 2007; Weng et al. 2010) .
The lignin content tends to be higher in softwoods (woody gymnosperm) than in hardwoods (woody angiosperm). The lignin content of hardwoods tends to be higher in species having lignin with a lower S/G ratio (Akiyama et al. 2005; Nawawi et al. 2017b) . Softwood is further lignified in its reaction wood, which normally develops with eccentric growth on the lower side of the inclined stem or branch and is referred to as compression wood (Timell 1983; Nawawi et al. 2016) . The development of the compression wood is related to the generation of highly compressive growth stress (Yamamoto et al. 1991; Yamashita et al. 2007 ). The secondary walls of tracheids are thicker, and the lignin content is higher in the compression wood than in the opposite wood (Timell 1983) . The compression wood lignin contains significant amounts of p-hydroxyphenyl units (H-units) in addition to the guaiacyl units (G-units) (Bland 1958 (Bland , 1961 Timell 1986; Nanayakkara et al. 2009; Nawawi et al. 2017a) . Whereas the H-units are deposited in the compound middle lamella in the early stages of cell wall formation in normal wood, they are distributed in both the compound middle lamella and the secondary wall in compression wood, which leads to highly lignified compression-wood tissues (Fukushima and Terashima 1991) . A strong positive correlation between the H/G ratio and lignin content has been found based on the lignin distribution within a pine compression wood disc determined by alkaline nitrobenzene oxidation (NBO, R 2 = 0.98 between the lignin contents and the proportion of the H-type product in all NBO products) (Nawawi et al. 2017a) .
Via radical coupling reactions during lignin biosynthesis, G-units can couple at the carbon 5 (C5) position on its aromatic ring of the growing lignin polymer to form phenylcoumaran (β-5), biphenyl (5-5), and diaryl ether (4-O-5) structures (Figure 1 ), none of which can be formed only from S-units. Indeed, the variation in the S/G composition of lignin reflects the composition of different interunit linkage types Ralph et al. 2006; Stewart et al. 2009; Kishimoto et al. 2010; Hirayama et al. 2019) . Our previous study using the NBO method (Hirayama et al. 2019 ) also showed that the biphenyl contents in hardwood lignins varied widely depending on their S/G compositions. The yield of the biphenyl-type NBO products composed of two guaiacyl aromatic rings (GGbiphenyl products, e.g. dehydrodivanillin) was lower in the hardwoods than in the softwoods. In the 15 hardwood species, the GG-biphenyl product yield decreased with the increase in the ratio of S-units to the total S-and G-units [S/(S + G) ratio] with a strong correlation (Hirayama et al. 2019) . Biphenyl structures play a role in connecting two growing lignin polymers during lignin biosynthesis and can potentially be further coupled with monomers by radical coupling reactions to form a branched polymer. Much attention has been paid to the biphenyl structure content (Pew 1963; Drumond et al. 1989; Brunow et al. 1995; Capanema et al. 2004; Tamai et al. 2015; Hirayama et al. 2019) , and the structural details of biphenyls in lignins have been investigated using different approaches to understand the polymer structures of lignins Lundquist and Li 1999; Akiyama and Ralph 2009; Crestini et al. 2011) .
A H-unit having no methoxy group can potentially be coupled both at the C3 and C5 positions on its aromatic ring, whereas the C3 position in the G-unit is already occupied by a methoxy group (Figure 1 ). Additional possible coupling sites in H-units could lead to the formation of more biphenyl structures, as well as the other condensedtype structures such as phenylcoumaran structures, than those of G-units. Indeed, a structural study of C3H-deficient alfalfa lignin (Ralph et al. 2006) revealed that an increase in the H-unit content in the transgenic plant was accompanied by an increase in the relative abundance of phenylcoumaran and dibenzodioxocin structures in the different linkage types. In contrast, a nuclear magnetic resonance (NMR) study of the tracheary element lignin of HCT-deficient pine (Pinus radiata) showed the effect of H-units in a different way (Wagner et al. 2007 ). In the transgenic plant, an increase in the relative abundance of resinols and a reduction in dibenzodioxocins was indicated together with an increase in the H-units compared with the wild type lignin composed of G-lignin. In the study of compression wood lignins by thioacidolysis, no significant difference in the relative abundance of condensed-and uncondensedtype structures was found in the lignins between the mature and immature compression wood tissues of Pinus thunbergii Parl. (Saito and Fukushima 2005) .
In the present study, to investigate the influence of the H/G ratio on the abundance of biphenyl and β-5 structures, we tried to characterize the compression wood lignin using the NBO method. Biphenyl-, β-5-and uncondensedtype NBO products carrying G-or H-type aromatic ring(s) were identified by comparison to authentic standard compounds, and their product yields were compared between compression and the opposite woods.
Materials and methods
Compression wood samples: Wood discs of three softwood species were collected from a leaning stem of Cryptomeria japonica D. Don (Japanese cedar) and a branch of Cedrus deodara (Lamb.) G. Don (Deodar cedar, Himalayan cedar) (Figure 2 ). The wood blocks were cut from each wood disc at six positions along the periphery of the disc. The position along the periphery was defined in angles, as shown in Figure 2 , with 0° (360°) being on the lower side of the stem or branch (compression wood) and 180° being on the upper side (opposite wood). Each wood block from the compression wood discs was ground in a Wiley mill (1-mm mesh screen), and the obtained wood meals were pre-extracted with an ethanol/benzene mixture (1:2, v/v) for 6 h in a Soxhlet apparatus prior to chemical analyses.
The pre-extracted wood meals were subjected to Klason lignin, methoxy (MeO) group content determinations and NBO. The pre-extracted wood meals (Nawawi et al. 2017a ) prepared from a wood disc of 30-cm diameter of Pinus merkusii Jungh et de Vriese (Sumatran pine) harvested in Indonesia were also used for the methoxy group determination of the Klason reside and NBO analyses.
Microscopic analysis:
The wood blocks were soaked in water overnight, and, then, sliced in the radial direction with a sliding microtome (REM-710, Yamato Kohki, Saitama, Japan). Transverse sections with a thickness of approximately 15 μm were observed with an optical microscope (BX50, Olympus Optical Co., Tokyo, Japan) equipped with a digital camera (Model D5000, Nikon Co., Tokyo, Japan) after staining with phloroglucinol-HCl (Wiesner reagent) (Nakano and Meshitsuka 1992) .
Chemicals: Authentic model compounds for the NBO products of lignins ( Figure 3 ) were synthesized. Dehydrodivanillin (VV ald ), dehydrovanillin-vanillic acid (VV ald-acid ) and dehydrodivanillic acid (VV acid ) were synthesized according to a previous report (Tamai et al. 2015 NMR measurements: The NMR spectra of the synthesized compounds were recorded with a JEOL JNM-A500 500 MHz spectrometer (JEOL Ltd., Tokyo, Japan (Sarkanen and Ludwig 1971; Ralph et al. 2004 ) was used rather than the systematic IUPAC numbering scheme.
Klason lignin content:
The lignin content was determined as previously described as the sum of the Klason lignin content and the acid-soluble lignin content (Dence 1992) . Pre-extracted wood meal (300 mg) was hydrolyzed with a 72% H 2 SO 4 solution (3 ml) for 3 h at room temperature (r.t.). The mixture was diluted with deionized water to obtain a 3% H 2 SO 4 solution, which was then autoclaved at 120°C for 30 min. The resulting suspension was filtered through a fine glass filter, and the insoluble residue (Klason lignin) was dried at 105°C overnight and then weighed. The concentration of acid-soluble lignin in the filtrate was determined by measuring the UV absorption of the filtrate at 205 nm with an absorption coefficient of 110 l g −1 cm −1 (Swan 1965) .
Methoxy group content:
The methoxy group content of the insoluble residue obtained after Klason lignin determination was determined according to the method of Goto et al. (2005 Goto et al. ( , 2006 . Briefly, the Klason lignin residue (30 mg) with 57% hydroiodic acid (10 ml) was sealed in a vial with a rubber septum. The vial was placed in an oil bath at 130°C for 20 min with shaking and then cooled in an ice bath. Ethyl iodide (0.1 mmol) in CCl 4 was added through the septum as an internal standard. The mixture was extracted with cold CCl 4 (10 ml). The organic layer was dried over Na 2 SO 4 , was analyzed by a gas chromatograph (GC)-flame ionization detector (FID) equipped with a fused-silica capillary column (CP-SIL 13CB, 0.32 mm i.d. × 25 m) to determine the methyl iodide yield. The methoxy content is expressed as the yield of methyl iodide obtained from the Klason lignin residue.
Alkaline NBO of wood meals: Alkaline NBO (Chen 1992) was conducted according to the method for determining the biphenyl-type NBO products, although with a slightly modified workup procedure (Tamai et al. 2015) . Wood meals (40 mg), 2 M NaOH solution (7 ml) and nitrobenzene (0.4 ml) were sealed in a 10-ml stainless-steel autoclave and held at 170, 190 or 210°C for 2 h in an oil bath with shaking. A temperature of 170°C and reaction time of 2 h was used unless otherwise noted. The autoclave was cooled with ice water and an aqueous 0.1 M NaOH solution of ethyl vanillin (EV, 3-ethoxy-4-hydroxybenzaldehyde; 5 μmol as 2.5 mM × 2 ml) was added to the reaction mixture as an internal standard. The reaction mixture was transferred into a separatory funnel with an aid of 0.1 M NaOH (15 ml) and washed with CH 2 Cl 2 (15 ml × 3). The aqueous layer was acidified with 2 M hydrochloric acid and then extracted with CH 2 Cl 2 (20 ml × 2) and diethyl ether (20 ml) successively. The organic layers were combined, washed with water (20 ml) and dried over Na 2 SO 4 . After filtration, the filtrate collected in a 100-ml pear-shaped flask was dried under reduced pressure. The residue was dissolved in pyridine (200 μl), and around half the amount of the pyridine solution was transferred into a 1-ml vial with a screw cap and trimethylsilylated with bis(trimethylsilyl)acetamide (100 μl) at 100°C for 10 min. An aliquot of trimethylsilyl (TMS) derivatives (2 μl) was analyzed by gas chromatography-mass spectroscopy (GC-MS) for the identification of the NBO products and by GC-FID for the quantification of the identified products. GC/MS [electron ionization (EI), 70 eV] was carried out on Shimadzu GC2010/PARVUM2 (Shimadzu Co., Ltd., Kyoto, Japan) equipped with a fused-silica capillary column (IC-1, 0.25 mm i.d. × 30 m, 0.4 μm thickness; GL Science Inc., Tokyo, Japan). The NBO products of the wood meals were identified by comparison with the retention times and mass spectra of authentic samples.
GC-FID was carried out on a Shimadzu GC-2014 (Shimadzu Co. Ltd.) equipped with a fused-silica capillary column (IC-1, 0.25 mm i.d. × 30 m, 0.4 μm thickness; GL Science Inc.); carrier gas, helium; sprit ratio, 60; column flow rate, 1.83 ml min Y is the molar ratio of each authentic compound to EV (e.g. the V ald /EV molar ratio), and X is the GC area ratio of each authentic compound to EV (the V ald /EV area ratio).
The NBO products were categorized into uncondensed-type products carrying a H-unit (H = H ald + H acid ) or a G-unit (V = V ald + V acid ), biphenyl-type products carrying two G-units (VV = VV ald + VV ald-acid + VV acid ), or a H-and a G-units (HV = HV ald ), β-5-type products carrying a H-unit (H 5-C=O = H 5-CHO + H 5-COOH + HA 5-COOH ) or a G-unit (V 5-C=O = V 5-CHO + V 5-COOH + VA 5-CHO ) (Figure 3 ). A C 6 -C 3 unit with a molecular weight of 200 g mol −1 was used throughout to convert the moles of product per gram of lignin to moles per 100 moles of C 6 -C 3 unit. Biphenyl products were derived from two C 6 -C 3 units in the lignin; thus, the yield of VV was doubled to give a value of 2VV, which express the number of C 6 -C 3 units involved in the biphenyl structure.
Preparation of 5-carboxy vanillin (V 5-COOH ): V 5-COOH was synthesized by the Duff reaction according to a previous report (Morita 1964) . o-Vanillin (10.1 g, 60 mmol) and hexamethylenetetramine (9.3 g, 66 mmol) were placed in a 300-ml round bottom flask with a reflux condenser and suspended in acetic acid (80 ml). The mixture was refluxed in an oil bath for 4.5 h. The reaction was monitored by thin-layer chromatography (TLC, CH 2 Cl 2 -MeOH, 10:1, v/v). The reaction mixture was concentrated under reduced pressure, and, then, 2 M HCl (120 ml) and diethyl ether (60 ml) were added. The mixture was stirred for 2 h at r.t. and left to stand overnight. The resulting suspension was filtered through a Büchner funnel with suction. The residue was washed with water (100 ml) and dried to afford V 5-COOH as brown crystals (4.9 g). Purification by silica-gel chromatography (EtOAc-acetone, 10:0 to 0:10), followed by recrystallization from EtOH-acetone (2:1, v/v), gave V 5-COOH as light brown crystals. 
Preparation of 5-formylvanillin (V 5-CHO ):
The synthesis of V 5-CHO was also performed by the Duff reaction. Vanillin (9.84 g, 65 mmol) and hexamethylenetetramine (10.1 g, 71 mmol) were placed in a roundbottom flask fitted with a reflux condenser and suspended in acetic acid (80 ml). The mixture was refluxed in an oil bath for 5.5 h. The reaction mixture was concentrated under reduced pressure. Then, 2 M hydrochloric acid (120 ml) was added to the mixture, and the mixture was stirred for 2 h at r.t. The resulting reaction mixture was extracted with EtOAc (100 ml × 3). The organic layers were combined, washed with brine, and dried over Na 2 SO 4 . After filtration, the filtrate was concentrated under vacuum. The residue (5.6 g) was separated by silica-gel chromatography with hexane-EtOAc (1:9 to 8:2, v/v) to afford compound formylvanillin as crystals (3.44 g, 32% Preparation of 5-formylvanillic acid (VA 5-CHO ): Using the Duff reaction, VA 5-CHO was synthesized from vanillic acid and hexamethylenetetramine in a similar procedure to that used for the synthesis of V 5-COOH described above. 
Preparation of dehydrovanillin-p-hydroxybenzaldehyde (HV ald ):
HV ald (1,1′-diformyl-4,4′-dihydroxy-3-methoxy-5,5′-biphenyl) was prepared by the NBO of a biphenyl compound, HV α-CH3 (4,4′-dihydroxy-1,1′-dimethyl-3-methoxy-5,5′-biphenyl), which was prepared by the oxidative coupling of p-cresol and p-creosol with ferric chloride (Reinhoudt et al. 1981) . The separation of the NBO products was performed in acetate form to obtain the diacetate of HV ald , and, then, the purified diacetate was converted back to HV ald by saponification.
Preparative NBO: In five 10-ml stainless steel autoclaves, compound HV α-CH3 (0.098 g per each autoclave, 0.40 mmol) was sealed with 2 M NaOH (7 ml each) and nitrobenzene (2 ml each). The autoclaves were heated at 190°C for 20 h in an oil bath with shaking. The reaction mixtures originating from a total of 2 mmol of compound HV α-CH3 were combined in a separatory funnel, diluted with 0.1 M NaOH (15 ml) and washed with CH 2 Cl 2 (75 ml × 3). The aqueous layer was acidified with 2 M HCl and extracted with CH 2 Cl 2 (100 ml × 2), followed by diethyl ether (100 ml). The combined organic layer was washed with water (100 ml) and dried over Na 2 SO 4 . After filtration, the filtrate was evaporated to dryness under reduced pressure.
Acetylation: The crude NBO products of compound HV α-CH3 were acetylated with pyridine (5 ml) and acetic anhydride (5 ml) overnight at r.t. The reaction mixture was concentrated under reduced pressure at 50°C. The remaining solvent was removed by repetition of the evaporation with EtOH to give 0.72 g of crude acetylated NBO product. Purification by silica-gel chromatography with a hexane-EtOAc eluent mixture afforded the diacetate of compound HV ald (4,4′-di-O-acetyl-1,1′-diformyl-3-methoxy-5,5′-biphenyl), which is denoted HV ald -Ac (0.15 g, 21 mol% yield from compound HV α-CH3 ). Deacetylation: To a dioxane solution of the diacetate HV ald -Ac (0.15 g, 0.42 mmol in 1.2 ml dioxane), 1 M NaOH (1.7 ml) was added and stirred for 4 h at r.t. The reaction progress was monitored by TLC (hexane-EtOAc, 1:2, v/v). The reaction solution was acidified with 1 M HCl, and the resulting suspension was filtered through a fine glass filter. The insoluble part was washed with water and dried under vacuum to afford compound HV ald as a powder (0.097 g, 85 mol% yield from compound HV ald -Ac). 
Results and discussion
The tracheids of the lower side of the compression woods at the 0° peripheral position (CW) on the discs of Cr. japonica and Ce. deodara were round in shape with thick cell walls (Figure 2) , which is characteristic of compression wood. In contrast, the tracheids of the opposite wood at 180° (OW) were rectangular in shape with thinner cell walls. Pre-extracted wood meals were prepared from the six peripheral positions of the two wood discs and subjected to chemical analyses. The pre-extracted wood meals of a P. merkusii compression wood disc, which has been previously reported (Nawawi et al. 2017a ), were also analyzed. As shown in Table 1 and Figure 4 , the three compression wood discs exhibited the typical distribution pattern of lignin content, methoxy group content, Peripheral degree on the wood discs (see Figure 2 for the details), CW, compression wood part; OW, the opposite wood part. and yields of uncondensed-type products obtained by the NBO method (H and V) for compression wood (Bland 1958 (Bland , 1961 Timell 1986; Lapierre et al. 1988; Yeh et al. 2006; Nanayakkara et al. 2009; Nawawi et al. 2017a ). The lignin content determined by the Klason lignin method was the highest in the compression wood part (0°) and tended to decrease towards the opposite wood part (180°). The methoxy group content of the Klason residue was lowest in the compression wood part (0°), indicating that the H/G ratio was higher in this part than in the opposite wood part (Figure 4) . The H:G ratios were calculated based on the methoxy group content in the compression wood part (0°) and were found to be 20:80 for Cr. japonica, 27:73 for Ce. deodara, and 23:77 for P. merkusii on the assumption that the molecular weight of one phenylpropanoid (C 6 -C 3 ) unit is 200 g mol −1 (Table 1) . For uncondensed-type NBO products, the G-type (V=V ald + V acid ) and the H-type product yields (H=H ald + H acid ) were the lowest and highest, respectively, in the compression wood part (0°). Chan et al. (1995) pointed out in their study of the NBO method using simple model compounds that an H-type model gives NBO products in much lower yield than Gand S-type models, for example, the NBO products were obtained in yields of 4.4 mol% (H ald ), 65.2 mol% (V ald ), and 71.7 mol% (syringaldehyde, S ald ) from 1-(4-hydroxyphenyl) ethanol, apocynol, and 1-(4-hydroxy-3,5-dimethoxyphenyl)ethanol, respectively, after reaction at 170°C for 2 h. Iiyama and Lam (1990) the H-type NBO product yield obtained from p-coumaric acid (H ald + H acid , 62 mol%, 2 h at 170°C) was lower than the G-type product yield from ferulic acid (V ald + V acid , 72 mol%). Min et al. (2015) employed an NBO reaction temperature of 170°C for softwood and hardwood samples, and a more severe temperature of 190°C for a non-woody material (corn stover), which contains a substantial amount of the p-coumaric acid moiety in the cell wall, to improve the H ald yield.
Effect of reaction conditions on the yields of NBO products
We examined the NBO of compression wood treated for 2 h at 170, 190 and 210°C to examine if the H-type product yields from biphenyl and β-5 structures would increase under more severe reaction conditions than the conventional reaction conditions (170°C, 2 h). As shown in Figure 5 , all H-and G-type NBO products were lower under the severe conditions (210°C) than at 170 and 190°C. This result is similar to the previous results for the NBO of aspen wood lignins, which are composed of the G-and S-units reported by Kavanagh and Pepper (1955) , in which the maximum yield of vanillin and syringaldehyde was obtained at temperature of 170-180°C, and became significantly lower at 200 and 215°C. Although the H-type product yields (H, 2HV, and H 5-C=O ) were slightly higher after treatment at 190°C than at 170°C, the increase was not significant (Figure 5 ). For the characterization of the biphenyl and β-5 structures in the present study, we used 170°C for 2 h, which is within the range of conventional reaction conditions (170-180°C for 2-3 h) (Chen 1992 ).
Biphenyl-type products
Our previous study using the NBO method indicate that the biphenyl content of lignin is very similar in normal wood of six softwood species on the basis of the GG-biphenyl product yields (Hirayama et al. 2019) . Within the small variations of the NBO product yields, a negative correlation was found between the GG-biphenyl product yields and the H/G composition ratio among the six softwood species, but the correlation was only moderate, possibly because of the low, and narrow range of H-unit contents in these normal wood lignins. The H-type product yields were 0.6-2.3 mol% of all NBO products, and the methoxy group contents of their lignins were also in a narrow range of 0.97-1.07 mol per 200 g-Klason lignin in the softwood species (Hirayama et al. 2019) .
A H-unit having no methoxy group has two coupling sites on the ring at the C3 and C5 positions. Therefore, one may suppose that the biphenyl content would be higher in compression wood lignins containing a significant number of H-units, especially considering that H-units have greater probability of forming biphenyls and other condensed-type structures than G-units.
When the GG-biphenyl product yield (VV) was doubled to give 2VV so that the NBO yield represents the yield of aromatic rings, the GG-biphenyls account for approximately 7% of the phenylpropanoid units (0.07/C 6 -C 3 ) in the opposite wood of the Cr. japonica sample (180° peripheral angle in Figure 2 ). This number, 2VV, decreased towards the compression wood part at 0° peripheral (Figure 6a ). The GG-biphenyl yield was plotted against the values representing the H/G ratio of their lignins (Figures 6a, 7-a1 and 7-b1). As indicators of the H/G ratio, both the methoxy group content of the Klason lignin residue and the H/(H + G) ratio calculated from all NBO products were used (Figure 7) . The latter is the proportion of H-type aromatic rings (H + H 5-C=O + HV) in the total of H-and G-type aromatic rings (V + H + V 5-C=O + H 5-C=O + 2HV + 2VV) contained in the NBO products and is called the p-hydroxyphenyl ratio (H ratio) in the present study. The GG-biphenyl yield (VV) decreased with increase in the p-hydroxyphenyl ratio and with the decrease in the methoxy group content. (R 2 = 0.99, in Figures 6a, 7-a1 and 7-b1).
As a biphenyl-type NBO product carrying both guaiacyl (G)-and p-hydroxyphenyl (H)-units (HG-biphenyl product), dehydrovanillin-p-hydroxybenzaldehyde (HV ald , in Figure 3 ) was identified as a novel NBO product by the comparison with an authentic sample. The decrease in the GG-biphenyl yield (VV) in the compression wood part (in Figure 6a) was largely offset by the increase in the HG-biphenyl product (HV). As a result, the total content of biphenyl products (VV + HV) was similar at different peripheral positions of the compression wood disc (Figure 6a ). In Figure 6 , numbers 2HV and 2VV are plotted instead of HV and VV to indicate the number of aromatic rings in the biphenyl products.
Biphenyl-type products carrying two H-units (HHbiphenyl product) would be present in the NBO products. Although a candidate peak for dehydrodi-p-hydroxybenzaldehyde (HH ald ) was found in the NBO products of wood meals by GC-MS analysis, its peak intensity was much weaker than those of the VV ald and HV ald peaks. The preparation of authentic HH ald , which is required for the identification of the NBO products, was not achieved in the present study.
The compression woods of the other two species also exhibited similar distribution patterns of biphenyl products in the wood disc (Figures 6a and 7) . The GG-and HG-biphenyl yields were the lowest and highest, respectively, in the compression wood part (0° peripheral degree). As shown in Figures 7-a1 , 7-a2, 7-b1 and 7-b2, the GG-and HG-biphenyl yields were decreased and increased, respectively, with increase in the p-hydroxyphenyl ratio (or with decrease in the methoxy group content). Consequently, the total yields of biphenyl-products (VV + HV) were similar among the six peripheral positions of each disc (Figure 6a ) although the total yields are not constant and seem to be slightly lower in the compression wood part than in the opposite wood part.
β-5-type products
In an early study of the NBO method, V 5-CHO and V 5-COOH were isolated from the NBO products of spruce wood meal using a multistep purification procedure (Leopold 1952; Pew 1955) . Their yields were much lower than the yield of vanillin (V ald ): 0.23 wt% for V 5-CHO , 1.2 wt% for V 5-COOH , and 27.5 wt% for V ald on the basis of the lignin content of wood (Leopold 1952) . From a β-5 model compound, dehydrodiisoeugenol, V 5-COOH was also isolated in a low yield of 7.5% as an NBO product (Pew 1955) .
In addition to V 5-CHO and V 5-COOH , in the present study, 5-formylvanillic acid (VA 5-CHO in Figure 6 ) was obtained, which was identified by GC-MS analysis in the NBO products of the wood meals by comparison with authentic standard compounds. Among these β-5-type NBO products carrying a G-unit (G-β-5-type product), V 5-CHO was the main product (V 5-CHO :V 5-COOH :VA 5-CHO was approximately 5:2:1, Table 1 ). Two β-5-type NBO products carrying an H-unit (H-β-5-type product in Figure 6 ) were also identified, which were 5-formyl-p-hydroxybenzaldehyde (H 5-CHO ) and 5-carboxy-p-hydroxybenzaldehyde (H 5-COOH ). These H-β-5-type products were obtained in comparable yields by the NBO of the compression wood samples. Although we tried to find 5-carboxy-p-hydroxybenzoic acid ) in the NBO products, the corresponding peak was not found in the GC-MS analysis by comparison with the authentic compound.
The total yield of the β-5-type product (H 5-C=O + V 5-C=O ) represents 0.03-0.04/C 9 of lignins and was significantly lower than that of the uncondensed-type products (H + V) or twice the biphenyl-type product yield (2VV + 2HV) (Figure 6b ). The relative yields of the β-5-type products in all NBO products were approximately 7%. This low yield partially may reflect the conversion rate from the β-5-structures in lignin into the corresponding β-5-type product (V 5-C=O ) by the NBO method. On the basis of the previous model studies (Kavanagh and Pepper 1955; Pew 1955; Lee et al. 1988; Iiyama and Lam 1990; Tamai et al. 2015) , the conversion rate of the β-5-structures is assumed to be significantly lower than those of the β-O-4 and biphenyl structures. Considerably high conversion rates have been reported for biphenyl model compounds (yield of NBO VV products of approximately 70 mol%) (Pew 1955; Tamai et al. 2015) and for a β-O-4 model (V, approximately 60-90 mol%) (Kavanagh and Pepper 1955; Lee et al. 1988; Iiyama and Lam 1990; Tamai et al. 2015) . In contrast, a low conversion rate of 7.5% was reported for dehydrodiisoeugenol into V 5-COOH as described above (Pew 1955) , although the yields of the other β-5-type products (e.g. V 5-CHO ), which could possibly be a main product, were not reported. Further detailed model experiments using β-5-model compounds will be required to validate the yields obtained from the wood samples.
The distribution patterns of the β-5-type product yields in the wood discs were similar to those of the biphenyl product yields. The yield of the G-β-5-type-product (V 5-C=O ) was lower in the compression wood part (0° position) than the opposite wood part (180°). The yield of H-β-5-type products (H 5-C=O ) was lower than the G-β-5-type-product yield (V 5-C=O ) and tended to be higher in the compression wood than in the opposite wood. The Gand H-β-5-type product yields decreased and increased, respectively, along with an increase in the p-hydroxyphenyl ratio (Figure 7-a4) or with a decrease in the methoxy group content (Figure 7-b4) . Thus, the decrease in the V 5-C=O yield was partially offset by the increase in the H 5-C=O yield, which resulted in a small difference in the total of the β-5-type product (V 5-C=O + H 5-C=O ) within each wood disc. The total yields (V 5-C=O + H 5-C=O ) tended to be slightly lower in the opposite wood than the compression wood (Figure 6b) . The distribution patterns of the H-and G-β-5-type products must reflect the structural characteristics of the lignins in the wood discs. However, the distribution pattern of the total of the β-5-type product yields, which were slightly lower in the compression wood part (0°), may not directly represent the structural nature of the lignins in compression wood discs considering the similar distribution patterns of the other NBO products shown in Figure 6b and the previous results, which suggested a possibly low conversion rate of H-type lignins into NBO products (Iiyama and Lam 1990; Chan et al. 1995; Min et al. 2015) . All three types of products (uncondensed-, β-5-, and biphenyl-types) showed a similar distribution pattern for their yields in each wood disc (Table 1, . In addition, the proportion of H-units to the total of H-and G-units in all the NBO products (i.e. the p-hydroxyphenyl ratio), which was 13-14% in the compression wood parts (0°) of the three wood discs, was significantly lower than the proportions of the H-units calculated based on the methoxy group content of the Klason lignin (20-27%), implying that the H-type lignin structures did not efficiently yield NBO products compared with the G-type lignin structures under the NBO employed in the present study (170°C, 2 h).
Relative abundance of biphenyl and β-5 structures in compression woods
The distribution pattern of the biphenyl and β-5 structures within a wood disc was evaluated based on the relative yields of the NBO products. Notably, the relative yields of uncondensed-, biphenyl-and β-5-type products [(V + H):(2HV + 2VV):(V 5-C=O + H 5-C=O )] were very similar in the six peripheral positions of each compression wood disc (Table 1 and Figure 8 ). Because the conversion rate of a corresponding original structure into its NBO product is expected to be different from each other, the proportion in the Table 1 does not directly indicate the actual proportion of the corresponding original structures in the lignin sample. For example, even though the relative yield of biphenyl-type products is higher than that of β-5-type products in a lignin sample, this does not necessarily mean that the proportion of biphenyl structure in the particular lignin is higher than that of β-5-structure. However, if the relative yield of biphenyl-type products in one sample is higher than that in another sample, it is suggested that the former sample is richer in biphenyl structures than the latter sample. As shown in Figure 8 , in spite of the change of H-unit content from compression wood part to the opposite wood part within the a wood disc, the variation of the molar ratio of (V + H):(2HV + 2VV):(V 5-C=O + H 5-C=O ) in six peripheral positions was very small: 78.9 (±0.5):13.6 (±0.6):7.4 (±0.4) for Cr. japonica, 79.0 (±0.4):13.8 (±0.3):7.3 (±0.6) for Ce. deodara and 81.6 (±0.6):12.3 (±0.5):6.1 (±0.3) for P. merkusii. These results suggest that a higher proportion of H-unit does not necessarily result in a higher proportion of condensed-type structures in the compression wood samples. In order to verify this suggestion, further investigation using different lignin model compounds is required, especially on the conversion rate of H-type structures into NBO products. This will provide useful a b c Figure 8 : Relative yields of the biphenyl-and β-5-and uncondensed-type NBO products obtained from the compression wood disc of (a) Cr. japonica, (b) Ce. deodara, and (c) P. merkusii. The peripheral positions of 0° and 180° are the CW and the OW, respectively. Biphenyl-type products, 2VV + 2HV; β-5-type products, V 5-C=O + H 5-C=O ; and uncondensed-type products, V + H. The biphenyl product yield (VV and HV) was doubled to 2VV and 2HV so that the NBO yield represents the yield per aromatic ring.
information to understand why the total yield of all the NBO products, including uncondensed-, biphenyl-, and β-5-type products, was lower in the compression wood part than in the opposite wood part. A similar result was also reported in a previous study of the differentiating xylem of compression wood by the thioacidolysis method (Saito and Fukushima 2005) , i.e. no significant difference was observed for the proportion of biphenyl and β-5 structures when the H/G ratio in lignins increased during the maturation of the compression wood xylem. In contrast, in an NMR study of isolated lignins highly enriched in H-units (H-unit content: 65-99%) from transgenic alfalfa (Medicago sativa L.) (Ralph et al. 2006) and Arabidopsis thaliana lines (Weng et al. 2010; Bonawitz et al. 2014 ), significant changes in the lignin substructures were observed based on comparison with the lignins of the wild-type plants or other transgenic lines. In the case of the A. thaliana lines (Weng et al. 2010) , compared with the isolated G-type lignin of Arabidopsis, the H-type lignin contained a lower proportion of β-O-4 structures and a higher proportion of phenylcoumaran (an 1.5-fold increase) and resinol (a three-fold increase) linkage types (Weng et al. 2010) . It is interesting that no significant differences in the relative abundances of biphenyl and β-5 structures was found between the compression wood and the opposite wood, even though the lignins of compression woods examined here contain a significant proportion of H-units (20-27% based on the methoxy group content).
Conclusions
On the basis of the NBO product yields, HG-type biphenyl and H-type β-5 structures were more abundant in the compression wood lignins, which have a higher H/G ratio, than the opposite wood. However, the increases seem to be offset by the decreases in the GG-biphenyl and G-type β-5 structures in the compression wood. The relative abundances of biphenyl and β-5 structures were similar between the compression wood and the opposite wood even though the compression wood lignin contains substantial numbers of H-units. These results indicate that the enhancement of p-hydroxyphenyl unit does not necessarily result in an increased content of condensed-type structures.
